The competitive adsorption of poly(ethylene glycol) (PEG) and poly(vinyl alcohol) (PVOH) onto Na-bentonite has been assessed quantitatively. Particular emphasis was focused on the amount of organic located within the bentonite interlayer and any subsequent effects on the extent of layer expansion. The individual isotherms showed strong adsorption for both PVOH and PEG at amounts lower than the quantities required to produce fully loaded bilayer (0.33 g of PVOH/g of clay) and single layered structures (0.10 g of PEG/g of clay), respectively. Above these concentrations the incremental amounts adsorbed were smaller, and the concentration of adsorbates in solution gradually increased. Na-bentonite adsorbed more PVOH than PEG at any given concentration. In the competitive study the amount of PVOH adsorbed was enhanced in the presence of PEG (0.10 and 0.30 g/g clay), but less PEG was adsorbed. At low loadings of PVOH (0.02-0.10 g/g clay) the amount of adsorbed PEG was increased but at higher PVOH levels PEG adsorption was reduced. The XRD data showed stepped changes in the d-spacing as the adsorbed amounts of both PEG and PVOH increased. The PEG-bentonite samples did not expand beyond a bilayer structure (18 Å), but the XRD data for PVOH-treated samples indicated the formation of multilayer structures (d 44 Å).
Introduction
The adsorption of organic molecules, oligomers and polymers onto the surface of clay minerals has been studied in great depth within numerous scientific fields; those pertinent to poly(vinyl alcohol) (PVOH) and poly(ethylene glycol) (PEG) include; drilling muds and treatment fluids within the petroleum industry, 1 soil structure stabilisation, 2 water clarification, mineral separation in mining, membrane technology in pervaporation, 3 polymer-clay nanocomposites, [4] [5] [6] [7] [8] and biomedical hydrogels. 9 Central to these studies is the need to stabilize or destabilize dispersed clay minerals in colloidal systems in order to control the formulation viscosity or improve the mechanical or barrier properties of the final products/constructs. This is because the adsorption of polymers at the particle-solution interface has profound effects on the surface energies of clay minerals and thus their flocculation and stabilization behavior in colloidal suspensions. 10 Both PVOH and PEG are polar and miscible in water; they are compatible with aqueous clay mineral suspensions and interact at the molecular level. The hydroxyl groups present on edge sites of montmorillonite and the water bound to the exchangeable cations readily form hydrogen bonds with the hydroxyl groups along the PVOH chains or those terminating the PEG chains. Hydrogen-bonding and van der Waals interactions are also possible between PVOH or PEG with the comparatively hydrophobic basal Si-O groups on the montmorillonite in the regions between exchangeable cations. The distance between hydroxyl groups on PVOH (2.52 Å) is similar to that between oxygen atoms in the montmorillonite structure (2.56 Å) facilitating strong interactions between the two groups when adjacent to each other. The PEG molecules may also interact with the Si-O groups through their ether oxygens. Direct coordination of polar organic species with exchangeable 4 cations via ion-dipole interactions is possible, but the polarizing power of the exchangeable cations usually means that the interaction between montmorillonites and organic material is achieved via water bridges. For instance, Parfitt and Greenland 11 showed that PEGs of different molecular weight (200 -20000) were strongly adsorbed on Cs, Na, Ca and Almontmorillonites from aqueous solution and suggested the cation retained its hydration shell which precluded the formation of a direct, inner-sphere association. However, Lu et al. 12 intimated that polyether polyols, like PEG, interact with exchangeable cations via crown-ether type complexes without water bridging molecules. Interactions between organic molecules (polymer-polymer or polymer-oligomer) also need to be considered when probing clay mineral-organic interactions, especially when two or more organic species are in direct competition.
The adsorption of uncharged polymers on clay minerals is generally considered to be entropy driven, 13 but several factors can influence the extent of adsorption. Increasing the suspension pH reduced the amount of PVOH adsorbed on Ca
2+
-but not on Namontmorillonite. Bajpai and Vishwakarma 14 showed that the adsorption of PVOH on Fullers' earth decreased as the number of carbon atoms (C1 to C4) on the competing aliphatic alcohols increased. Chen and Evans 15 demonstrated that higher molecular weight PEG (35,000 over 4,000) was preferentially adsorbed on Na montmorillonite, from a polydisperse mixture. This may have significant repercussions for polymer-clay nanocomposites, since the unadsorbed, lower molecular weight PEG remaining in the aqueous phase could reduce properties such as tensile strength. The recent development of sustainable barrier coatings using clay-starch-plasticizer formulations has demonstrated the need to select the most appropriate plasticizer type when optimizing the associated water vapor barrier properties. 16 Further refinement and improvement of these novel coatings is critically dependent upon a deeper understanding of the competitive nature of the adsorption of starch and plasticizer on the clay. A similar understanding is also required for thermoplastic starch/PVOH/clay nanocomposites; where an optimized dispersion of clay platelets is essential to maximize the mechanical properties of starch. 17 Unfortunately, the addition of small amounts of PVOH decreased clay dispersion and agglomerated particles in the composites but the complex interfacial interactions together with the competitive sorption of PVOH and starch on clay still delivered significant increases in tensile strength and modulus. Clearly, a more detailed understanding of the extent, and nature of, PVOH and starch adsorption and their interaction with clay would facilitate further optimization of this system and contribute to a greater understanding of other similar systems. 6 This study investigates how adding plasticizer (PEG) to an aqueous PVOH-clay coating affects the adsorption of both components and the subsequent proximity of the clay layers in the final dry coating. Whilst the adsorption of PVOH and PEG onto montmorillonite from low to medium loadings has been studied extensively their competitive adsorption has not. This work also investigates a much wider concentration matrix both as individual components and also in combination during the competitive adsorption of PVOH and PEG onto montmorillonite. Although water is effectively a competitor for the adsorption sites in the presence of PVOH and/or PEG, the adsorption systems herein that combine the two are described as binary systems, i.e. the competitive adsorption of PEG and PVOH would result in a binary sorption isotherm. X-ray diffraction (XRD) analysis is used to support the information from the adsorption data and the resulting interlayer distance of the organoclay samples formed is discussed in terms of the amounts adsorbed.
Experimental Materials
Sodium bentonite (Cloisite Na + , Southern Clay Products, USA) is referred to as NaMt.
Extensive characterization of this bentonite has confirmed the suppliers claims that it contains more than 95 weight percent montmorillonite [Supplementary data]. PVOH (98-99% hydrolyzed) and PEG with molecular weights of 31,000-50,000 and 600, respectively, were obtained from Sigma-Aldrich, UK. All materials were used without further purification.
PVOH, PEG and Clay Mineral Mixtures
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In a typical experiment the required amounts of PEG and PVOH were mixed and stirred for 4
hours at 90 °C (in 6 ml deionized water) before the clay mineral suspension was added (1g /14ml) and then mixed for 18 hours at 90 °C. 
Adsorption Isotherms
The amount of PVOH or PEG adsorbed onto NaMt in the individual isotherms was calculated gravimetrically by weighing the residue remaining after evaporation of the water from the supernatant after centrifugation (Sorvall RC6, 15,000 rpm for 90 minutes). The supernatant was clear and decanted into a Petri dish where the water was removed by evaporation at 50 °C.
A TGA method was developed to quantify the amounts of PVOH and/or PEG adsorbed on NaMt in the binary isotherms [see supplementary data]. 18 The residue from the 8 supernatant, which was obtained in the same way as for the individual isotherms, was analyzed by TGA measurements performed on a Mettler Toledo TG50 thermogravimetric analyzer. Samples were heated from 35 to 800 °C using a heating rate of 20 °C/min under nitrogen at a flow rate of 40 ml/min (see Supplementary data for further details).
X-ray Diffraction
XRD traces were recorded using a Philips X'Pert Pro diffraction system utilizing a Cu-tu e λ 
Results and Discussion
The steep increase at the start of the individual adsorption isotherms for PEG or PVOH with NaMt ( Figure 1a ) demonstrated that they were both strongly adsorbed at low loadings and c when the NaMt present had been offered 10 pph (9 wt%) and 33 pph (25 wt%) PEG and PVOH, respectively, and underline the greater capacity of NaMt for PVOH, compared to PEG.
Individual Adsorption Isotherm -PEG
The adsorption data for PEG ( Figure 1a ) approached that of the Langmuir isotherm, L-class, subgroup 2 in that initial strong adsorption occurred at low loadings (< 1 g/L) but the continued uptake, rather than a monolayer plateau, made it an L-class, subgroup 3-type isotherm. 19, 20 The PEG adsorption data returned a relatively poor fit to the linear form of the Langmuir equation (R 2 = 0.9608 for the low loading range with constant clay:solvent ratio, i.e. the first six data points and reducing to 0.9059 for the entire concentration range).
Chen and Evans 21 reported a L-type adsorption isotherm for PEG1500 on Namontmorillonite (PEG:clay ratios from 0.2 to 0.7) with a plateau at ~0.24 g PEG/g clay. The broader range of PEG:clay ratios studied herein, which incorporates lower concentrations, 10 emphasized the strong adsorption at low loadings, and the gradual increase of free PEG in solution as the amount of PEG offered was increased ( Figure 1b ). Parfitt and Greenland 11 reported that the adsorption of PEG300, PEG600 and PEG20000 on Ca-montmorillonite resulted in types C, type L and type H isotherms. to a clay-crosslinked PVOH hydrogel in which the network active PVOH chains only experience a minimum number of significant interactions with the clay mineral surface. 24 The adsorption isotherm for PVOH was described by L-class, subgroup 3 due to the increasing amounts of PVOH adsorbed beyond the knee of the isotherm and the further increase at higher concentrations. 19 Fuller s earth at higher loadi gs after a i itial o ola er o erage as complete (L-class subgroup 3 isotherm). Clearly, the strong hydrogen-bonding that occurs between PVOH molecules appears to encourage the formation of multiple-layer adsorption.
Binary Adsorption Isotherms
When a coating formulation is deposited onto a substrate the film formation occurs as the volatile solvent evaporates. In a coating which contains a swelling clay mineral, such as NaMt, a significant proportion of the organic, film forming species is considered to be present in the interlayer space between adjacent clay mineral layers, although some will also be attached to the outer surfaces of a stack of aggregated clay mineral layers and the edges of particles. Once dried, any PVOH or PEG which is not adsorbed in the interlayer or 13 directly attached to the outer surfaces, or the edges, becomes the coating matrix. While it is unlikely that unadsorbed PEG600 alone would contribute substantially to the structure of the dried coating, the same may not be true of any unadsorbed PVOH, which would be able to form bonds with PVOH on the accessible outer surfaces of clay mineral layers, stacks or particles.
A central requirement of this study was to evaluate the distribution of PVOH and PEG between the clay mineral and the surrounding medium in dried films/coatings; i.e. to The effect of adding PEG at 1, 10 and 30 pph on the amount of PVOH adsorbed on NaMt at 90 °C is shown in Figure 3 . Except for the samples prepared using 50 or 90 pph of PVOH (Figure 2e and 2f) , the NaMt adsorbed nearly all the PVOH offered. In addition, NaMt was 14 also able to accommodate relatively large quantities of PEG alongside PVOH, presumably in the interlayer region and especially when 30 pph PEG was offered. However, the PEG is most likely 'recycled' during the equilibration period in that it is displaced by the much preferred PVOH molecules thus freeing PEG to move to other clay mineral surfaces to begin the facilitation of PVOH adsorption anew. The XRD results 18 reported below will demonstrate that the final population of the clay mineral interlayers (enhanced basal spacing related to the amount of each adsorbate retained) reflected the greater affinity between clay minerals and PVOH.
X-ray Diffraction Analysis of PEG-NaMt Samples
The XRD traces collected from dry PEG-NaMt films prepared from sediment after centrifugation and removal of supernatant (AC) showed that the d-spacing exhibited a step change as the loading increased from 1 to 1900 pph (1 to 95 wt%) (Figures 4 and 5a) . 
X-ray Diffraction Analysis of PVOH-PEG-NaMt Samples
The x-ray diffraction analysis of the cast films prepared from binary mixtures of PVOH and PEG focused on the samples in Figure 2 ; particularly the addition of 10 and 30 pph PEG 24 which provided a stable monolayer and bilayer, respectively (Figure 5a ). The XRD patterns in Figure 7 illustrate how each incremental addition of PEG to samples of PVOH-NaMt moved the d 001 peak to smaller angles (higher spacing). This XRD data is summarized in c) 27 The results in Figures 7 and 8 show that the formation of multi-layers was possible using the binary mixtures because d-spacings greater than ~21 Å were observed. Recalling that adding PEG at 100 pph produced a bilayer structure (Figure 4a ) that did not expand further upon addition of more PEG, the > 21 Å d-spacings demonstrate that PVOH was able to enter the interlayer and that PEG was u a le to o trol the d-spacing by limiting the swelling.
Furthermore, an XRD silent trace (not shown) was still evident in samples prepared using 700 pph PVOH plus 200 pph PEG showing that high clay mineral dispersion (in the dried, solid samples) was still possible in the presence of relatively high amounts of PEG; the PEG was therefore unable to cause agglomeration or flocculation of the clay layers.
X-ray Diffraction Analysis of Non-Centrifuged Samples
The foregoing discussion has rightly focused on the behavior of samples which have undergone centrifugation to remove unadsorbed organic material. However, in a coating operation the total amount of organic contained in the suspension is retained in the coating layer and any unadsorbed organic remains and must to be accommodated in the final product because only the water is removed during the drying process. The XRD traces in The d-spacings observed in the PVOH-NaMt films prepared from suspension (BC) with loadings pph (data not shown) were very similar to those observed in the films prepared from the sediment after centrifugation (AC) (Figure 6a ). However, higher dspacings were observed in those samples prepared from suspensions in which the PVOH loadings were >33 pph (Figure 8c ). These observations imply that a completely formed bilayer-structure was produced at a loading of 33 pph. This was also the loading at which free PVOH is first observed in solution (Figure 1 ).
The d 001 spacing for the centrifuged samples, prepared using PVOH aliquots of 67 to 300 pph, were always lower in the centrifuged samples (Figure 9c ) for the same reasons as the PEG treated samples. With PVOH loadings >900 pph the non-centrifuged samples did not exhibit a d001 peak indicating that the spacing was > 44 Å. Following centrifugation the samples prepared using 900, 1900 and 4900 pph PVOH exhibited increasingly intense peaks with a spacing close to 40 Å. It is important to reinforce that, at high loadings, the PVOH was not simply occluded in the sample but continued to enter the interlayer and increased the dspacing, unlike PEG which was unable to expand the clay mineral above 18 Å.
The apparent discrepancy in basal spacings (as a function of amount of organic offered), between the samples obtained before centrifugation (BC) and after centrifugation (AC)
(Supplementary data) is readily explained. In the AC samples a portion of the PVOH or PEG available to the clay mineral was removed with the supernatant. Therefore, there was less PVOH or PEG to equilibrate with the clay mineral as the sample dried. Consequently, the actual amount of organic present was less than that originally offered whereas in the BC samples the actual amount present was identical to the amount offered. Therefore, the 30 data points associated with the AC samples (▲) would all be transposed along the x-axis towards the origin making both sets the symbols (▲, X) lie on the dotted line.
Mixing Sequence
Having established that NaMt has a higher capacity for PVOH than for PEG ( Figure 1 ) and that offering 90 pph PVOH and 30 pph PEG simultaneously resulted in the uptake of 0.13 g/g of PEG, an enhancement in the adsorption of PVOH (from 0.67 to 0.80 g/g) and an increased basal spacing (from 26 to 30 Å) ( Figure 6 and 7) it was decided to briefly consider how the sample characteristics were affected by altering the mixing sequence.
When PEG was mixed with NaMt before adding PVOH the d-spacings of all samples over the whole PVOH/PEG/NaMt concentration range and when prepared from suspension (BC)
were always slightly higher (~ 1-2 Å). The respective spacings also remained higher when the samples were heated to 80 or 150 °C indicating that they had not been increased due to the presence of higher amounts of water. Correspondingly, when PVOH was mixed with the NaMt before adding PEG the d-spacings were the same as when PVOH and PEG were added simultaneously to the NaMt.
The d-spacings of all samples prepared from sediment (AC) and from all three different mixing sequences were all very similar. This observation combined with the fact that the amounts of PVOH and PEG adsorbed by NaMt when prepared via the three different sequences of addition displayed no significant differences suggested that the higher dspacings in the films prepared by adding PEG first were not due to increased adsorption (of either PEG or PVOH) but rather the different molecular arrangements in which the free PVOH or PEG molecules were organized or associated with clay mineral upon drying. 31 The current hypothesis for this behavior is that when PVOH was allowed to adsorb on the clay mineral surface first, the smaller PEG600 molecules were able to neatly fill any remaining space thus optimizing the packing density resulting in lower d-spacings.
Conversely, when PEG was allowed to adsorb on the clay mineral surface first, PVOH's strong interaction with the clay mineral and its tenacity when adsorbed (as demonstrated in the desorption experiments, see Supplementary data for further details) led to an alternative packing arrangement of the bulkier PVOH molecules. Consequently, when the PVOH or PEG free in solution entered the interlayer upon drying it led to a lower packing density and a higher d 001 -spacing.
It is believed that the PEG contributing to the single layer structure, which was more strongly adsorbed, would contribute to the alternative packing of subsequently added PVOH molecules, rather than those contributing to the bi-layer structure. Their immobility when adsorbed onto the clay mineral therefore contributed to the enhanced d 001 -spacing when PEG was added to clay mineral before PVOH.
Conclusions
This study describes the competitive adsorption of PEG and PVOH onto the surface of clay minerals at 90 °C and how the relative amounts of each adsorbate varied in both the adsorbed phase and the sample matrix -in uncentrifuged samples. As anticipated, both adsorbed strongly to the clay mineral, but the higher molecular weight and greater hydrogen-bonding capability of the PVOH resulted in the stronger adsorption of PVOH over PEG. Relatively small amounts of PEG caused a step change in the amount of PVOH 32 adsorbed at high loadings (4% increase in the presence of 10 pph PEG and 20 % increase when 30 pph PEG was used). PEG did not influence the PVOH uptake at PVOH 30 pph. At a particular PVOH loading the amount of PEG adsorbed increased with the amount offered.
At PVOH levels 5 pph the adsorption of PEG could be enhanced, but when the amount of PVOH offered was high ( pph) the amount of PEG adsorbed was reduced. These studies have also shown that the d-spacing of PVOH and NaMt increased systematically, with the amount of PVOH offered, to produce multi-layered structures, whereas even when high levels of PEG were offered to NaMt only a bilayer of PEG could be accommodated in the clay interlayer. When PVOH and PEG were offered to NaMt in a binary system both were able to enter the interlayer concurrently and whilst the PEG alone was unable to produce more than a bilayer structure, it did not limit further expansion when used in combination with PVOH.
